Abstract Huntington's disease (HD) is a neurodegenerative disease caused by a polyglutamine expansion in the huntingtin (Htt) protein. Mutant Htt causes synaptic transmission dysfunctions by interfering in the expression of synaptic proteins, leading to early HD symptoms. Synaptic vesicle proteins 2 (SV2s), a family of synaptic vesicle proteins including 3 members, SV2A, SV2B, and SV2C, plays important roles in synaptic physiology. Here, we investigated whether the expression of SV2s is affected by mutant Htt in the brains of HD transgenic (TG) mice and Neuro2a mouse neuroblastoma cells (N2a cells) expressing mutant Htt. Western blot analysis showed that the protein levels of SV2A and SV2B were not significantly changed in the brains of HD TG mice expressing mutant Htt with 82 glutamine repeats. However, in the TG mouse brain there was a dramatic decrease in the protein level of SV2C, which has a restricted distribution pattern in regions particularly vulnerable in HD. Immunostaining revealed that the immunoreactivity of SV2C was progressively weakened in the basal ganglia and hippocampus of TG mice. RT-PCR demonstrated that the mRNA level of SV2C progressively declined in the TG mouse brain without detectable changes in the mRNA levels of SV2A and SV2B, indicating that mutant Htt selectively inhibits the transcriptional expression of SV2C. Furthermore, we found that only SV2C expression was progressively inhibited in N2a cells expressing a mutant Htt containing 120 glutamine repeats. These findings suggest that the synaptic dysfunction in HD results from the mutant Httmediated inhibition of SV2C transcriptional expression. These data also imply that the restricted distribution and decreased expression of SV2C contribute to the brain region-selective pathology of HD.
Introduction
Huntington's disease (HD) is an autosomal dominant inherited neurological disorder characterized by progressive motor deficits, cognitive decline, and psychiatric symptoms. It is caused by a pathological expansion of CAG trinucleotide repeats in exon 1 of the HD gene, resulting in the translation of a mutant form of huntingtin protein (mutant Htt) with an expanded polyglutamine domain in the N-terminal region [1] . A normal Htt gene has 6-35 CAG repeats, and a mutant Htt with 40 or more repeats always causes HD. At the population level, there is an inverse correlation between CAG repeat length and the age of onset of HD [2, 3] .
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HD is regarded as a disorder that primarily affects the basal ganglia [4, 5] . The basal ganglia are a set of subcortical nuclei critical for motor, cognitive, and behavioral functions. The striatum (putamen and caudate nucleus), globus pallidus [internal segment (GPi) and external segment (GPe)], and substantia nigra [pars compacta (SNc) and pars reticulate (SNr)] are components of the basal ganglia. The striatum is the main input structure; it receives excitatory glutamatergic inputs from multiple regions and projects information to other basal ganglia nuclei [6] . The GPe is a major hub that plays an important role in integrating and conveying information in the basal ganglia macrocircuit [7] [8] [9] [10] . The GPi and SNr are the output nuclei [11, 12] . The SNc is composed of closelypacked dopaminergic neurons that control movement through their projections to the striatum [13] .
It was generally believed that the neurological symptoms of HD are mainly caused by neurodegeneration and neuronal loss in the basal ganglia, especially the striatum [14] . However, accumulating evidence has shown that subtle alterations in the synaptic function of the basal ganglia circuitry underlie the early symptoms of HD, and pharmacological interventions that target early synaptic disturbances have been reported to reverse neuronal dysfunction and delay progression to neurodegeneration [15] [16] [17] .
Cognitive deficits are an early clinical manifestation of HD and can occur 10 years prior to the onset of motor symptoms [18, 19] . Annual cognitive decline has been shown to be a robust marker of HD progression [20] . Studies in patients and animal models have demonstrated that the early cognitive deficits in HD are associated with not only dysfunction of the basal ganglia circuitry [21] , but also hippocampal deficits. The hippocampus is a key region for cognition and has been reported to show some of the earliest signs of neuropathology and synaptic impairments in HD [22] [23] [24] [25] [26] [27] .
Growing evidence indicates that mutant Htt causes synaptic transmission dysfunctions that lead to early HD symptoms by disrupting the normal expression of synaptic proteins such as synaptophysin, SNAP-25, and Rab3A [28] [29] [30] . Synaptic vesicle proteins 2 (SV2s), a family of synaptic vesicle proteins including 3 members, SV2A, SV2B, and SV2C, plays important regulatory roles at synapses, and is essential for normal neurotransmission [31, 32] . However, the role of SV2s in HD neuropathology is not clear, and the effect of Htt mutations on the expression of SV2s has not yet been reported.
Here, we investigated whether the expression levels and pattern of SV2s are affected by mutant Htt in the brains of N171-82Q HD transgenic (TG) mice and Neuro2a mouse neuroblastoma cells (N2a cells) expressing mutant Htt.
Materials and Methods

Animals
The N171-82Q HD TG mice (expressing the N-terminal 171 amino-acid fragment of human huntingtin with 82 polyglutamines; TG mice) [33] and the control mice (wildtype littermates; WT mice) were purchased from the Jackson Laboratory (Bar Harbor, ME). All mice were housed in a temperature-and humidity-controlled, specific pathogen-free environment with a 12 h light/dark cycle and free access to food and water. All animal experiments were conducted in accordance with the guidelines for animal research and approved by the Animal Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology, China.
Tissue Preparation
After deep anesthesia by intraperitoneal injection of sodium pentobarbital (60 mg/kg body weight), the mice were perfused via the ascending aorta with 50 mL of 0.01 mol/L phosphate-buffered saline (PBS, pH 7.4), followed by 100 mL of 4% paraformaldehyde in 0.1 mol/L phosphate buffer (PB, pH 7.4). Then the brain was removed, post-fixed in the same fixative for 6 h at 4°C, cryoprotected with 30% sucrose in 0.1 mol/L PB at 4°C until it sank, quickly frozen, and cut into 25 lm-thick sections on a cryostat (Leica, Nussloch, Germany). All sections were collected in ice-cold 0.01 mol/L PBS and kept at 4°C until use.
Immunohistochemical Staining and Immunostaining Density Analysis
Coronal sections were immunostained for SV2C isoform using the avidin-biotin-peroxidase complex method as previously described [34, 35] . Briefly, the sections were immersed in 3% hydrogen peroxide to quench endogenous peroxidase activity, then in blocking solution to prevent non-specific binding of the antibody to the tissues. Thereafter, the sections were incubated overnight at 4°C with rabbit anti-SV2C polyclonal antibody (1:500 dilution, ref. ab33892, Abcam, Cambridge, UK). They were then incubated with biotinylated goat anti-rabbit IgG (1:200 dilution, Vector Labs, Burlingame, CA) and avidin-biotinperoxidase complex (1:100 dilution, Vector Labs) at room temperature for 2 h. Between incubation periods, the tissues were rinsed in 0.01 mol/L PBS. Finally, the immunoreactive products were visualized by incubating the sections with 0.02% DAB (Sigma-Aldrich, St. Louis, MO) and 0.005% hydrogen peroxide in 0.05 mol/L Tris-HCl buffer. The sections were dehydrated, coverslipped, and then observed and photographed under a light microscope (Nikon BX-51, Tokyo, Japan). In negative controls, the primary antibody was omitted. The mean optical density (integrated optical density (IOD)/area) was measured to assess the level of SV2C expression in immunostaining-positive areas using Image-Pro Plus 6.0 software (Media Cybernetics Inc., Rockville, MD) [36, 37] .
Cell Culture and Transfection
N2a cells (CCL-131, American Type Culture Collection, Manassas, VA) were maintained as monolayer cultures in 90% Dulbecco's modified Eagle's medium (Gibco-Invitrogen Co., Gaithersburg, MD) supplemented with 10% heat-inactivated fetal bovine serum (Gibco-Invitrogen Co.), 100 units/mL penicillin, and 100 lg/mL streptomycin at 37°C in a 5% CO 2 atmosphere in a humidified incubator.
The cells were transfected with pEGFP-exon1 Htt-20Q (Htt-20Q) and pEGFP-exon1 Htt-120Q (Htt-120Q) plasmids (kindly provided by Dr. Xiao-Jiang Li, Department of Human Genetics, Emory University School of Medicine, Atlanta, GA), which encode an amino-terminal fragment of Htt containing 20 (20Q) or 120 (120Q) glutamine repeats, respectively, with Lipofectamine 2000 TM (Invitrogen) according to the manufacturer's protocol.
Western Blotting
The whole brain, striatum, or transfected N2a cells were lysed in ice-cold lysis buffer [50 mmol/L Tris (pH 7.4), 50 mmol/L NaCl, 1% Triton X-100, 1 mmol/L EDTA (pH 8.0)] with a protease inhibitor cocktail (1:1000, SigmaAldrich) and phenylmethylsulfonyl fluoride (100 lg/mL, Sigma-Aldrich), and then centrifuged at 12,0009g for 15 min at 4°C. The supernatant was collected, and the protein concentration was measured by BCA protein assay (Pierce, Rockford, IL). The extracted proteins were then separated on 10% SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were blocked in 5% skim milk in PBS for 1 h at room temperature and then incubated with the following antibodies overnight at 4°C: rabbit anti-SV2A (1:1000, ref ab32942, Abcam), rabbit anti-SV2B (1:1000, ref 14624-1-AP, Proteintech, Wuhan, China), rabbit anti-SV2C (1:1000, ref ab33892, Abcam), and mouse anti-c-tubulin (1:5000, Sigma-Aldrich). The membranes were washed and then incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h. The labelled protein bands were detected using an enhanced chemiluminescence kit (Pierce). Images were captured using the ChemiDoc XRS? system (Bio-Rad, Hercules, CA) and analyzed using Image-Pro Plus 6.0 software (Media Cybernetics Inc.).
RNA Extraction and Reverse Transcription-PCR (RT-PCR)
Total RNA was isolated from brain structures including the striatum and hippocampus and from transfected N2a cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The RNA obtained was then converted to cDNA with a Superscript first-strand synthesis kit (Takara, Tokyo, Japan). PCR reactions were performed with 50 lL PCR mix containing 25 lL of 29 master mix (Qiagen, Hilden, Germany), 2 lL of primer mix, 1 lL of cDNA, 1 lL of b-actin internal primer mix and 21 lL of deionized water under the following reaction conditions: one cycle of initial denaturation at 95°C for 5 min followed by 30 0 -CGTTGACATCCGT AAAGACC-3 0 , and reverse, 5 0 -ACAGTCCGCCTAGAAG CAC-3 0 (product length, 280 bp). The amplified PCR products were electrophoresed on 1% agarose gels containing 0.03% ethidium bromide. The results were analyzed using Image-Pro Plus 6.0 software (Media Cybernetics Inc.).
Statistical Analysis
The results are presented as mean ± SD from at least three independent experiments. Statistical analyses were performed using Student's t-test or one-way ANOVA. Differences were considered significant at P \ 0.05.
Results
The Protein Expression of SV2C, but not of SV2A and SV2B, Was Decreased in the Brains of HD TG Mice
Transcriptional dysregulation is an early and progressive event that has been hypothesized to be an important pathogenic mechanism in HD [38] [39] [40] [41] [42] [43] [44] [45] . To explore whether SV2 is involved in the early pathology of HD, we first compared the protein expression levels of three SV2 isoforms in the whole brain of HD TG and WT mice. The N171-82Q TG mouse expresses a human N-terminaltruncated Htt (the first 171 amino-acids) that contains 82 glutamines in neurons throughout the brain and is therefore a useful model for both presymptomatic and symptomatic preclinical trials [33, 46, 47] . Motor deficits in these mice begin at *12 weeks and cognitive deficits at *14 weeks [46, [48] [49] [50] . Thus, at 14 weeks, the mice exhibit the early stages of disease progression, and this age was therefore chosen for further experiments.
The results of western blot analysis showed that, while there were no significant changes in the protein levels of SV2A and SV2B, SV2C was expressed at markedly lower levels in the TG mice than in the WT controls (Fig. 1) .
SV2C-Immunoreactivity Progressively Decreased in the Basal Ganglia and Hippocampus in HD TG Mice
To further clarify which brain areas exhibit a decrease in the expression of the SV2C protein, we performed immunohistochemical staining and immunostaining density analysis.
Consistent with previous reports [51] [52] [53] , immunohistochemical staining of coronal mouse brain sections revealed a high intensity of SV2C immunoreactivity in restricted regions. The most prominent staining was in the basal ganglia, including the striatum and its projection areas, such as the globus pallidus and substantia nigra, as well as the hippocampus, including the stratum lucidum of CA3 and the polymorphic layer of the dentate gyrus (Fig. 2) . Intriguingly, early and progressive atrophy has been detected using structural MRI scans in the striatum and hippocampus in N171-82Q mice [47] . The motor and cognitive deficits in HD have been associated with pathological changes in the frontostriatal circuitry and the hippocampus [47, 54, 55] . These findings reveal that the localization of the SV2C protein in the brain extensively overlaps with regions known to be vulnerable in HD.
Next, SV2C-immunoreactivity in the basal ganglia and the hippocampus was compared between TG mice and their WT littermates. In the basal ganglia, the striatum is composed mostly of medium spiny neurons, which project to the globus pallidus and the substantia nigra. The mRNA of SV2C is expressed in the striatum, and the SV2C protein is mainly distributed in the globus pallidus and the substantia nigra [52] . Here, we measured the levels of SV2C protein in the globus pallidus and substantia nigra as well as the hippocampus. In N171-82Q mice, neuronal loss and brain atrophy in addition to mutant Htt-positive inclusions have been observed in the striatum and hippocampus by the time the mice are 16 weeks old [46, 54, 56, 57] , and the life expectancy of these mice is 20-24 weeks [46, 58] . To determine the association between changes in SV2C protein expression and HD progression, we used 16-and 20-week-old in addition to 14-week-old mice.
Using immunohistochemical staining density analysis, we found that SV2C-immunoreactivity became progressively lower with age in the basal ganglia and hippocampus of TG mice than in the WT controls (Fig. 3) , suggesting that mutations in the Htt gene decrease the SV2C protein levels in specific mouse brain regions during the early stage of HD and that this reduction becomes more profound as the illness progresses.
The mRNA Level of SV2C, but not of SV2A and SV2B, Progressively Declined in the Brains of HD TG Mice Given that mRNA and protein expression levels need not necessarily share a linear and simple relationship [59, 60] , we performed parallel experiments to assess the mRNA levels of SV2 genes and further validate their roles in transcriptional dysregulation mechanisms in HD. RT-PCR analysis showed that, consistent with the results of western blot analysis, there were no significant changes in the mRNA levels of SV2A and SV2B, but the mRNA expression level of SV2C in the whole brain was markedly lower at 14 weeks of age in TG mice than in WT controls (Fig. S1 ). Furthermore, a progressive decrease in the SV2C mRNA level was also found in the striatum and hippocampus in the TG mice (Fig. 4) . These results suggest that during the early stages and also during the progression of the disease, mutations in the Htt gene decrease the SV2C protein level by inhibiting its transcription.
The Expression Level of SV2C, but not of SV2A and SV2B, Was Progressively Inhibited in N2a Cells Expressing Mutant Htt
In vitro models are invaluable for integrating data collected in vivo [61, 62] . To further clarify the relationship between mutant Htt and SV2C expression, we transfected N2a cells with the pEGFP-exon1 Htt-120Q (Htt-120Q) plasmid to establish an HD cell model and with the pEGFP-exon1 Htt-20Q (Htt-20Q) plasmid to establish a control line of cells. At 24 h, 48 h, and 72 h after transfection, the cells were collected to assess SV2C expression.
As shown in Fig. 5A , the N2a cells stably expressed the EGFP-Htt-120Q and EGFP-Htt-20Q fusion proteins, and the former cells formed aggregates. Furthermore, using western blot and RT-PCR assays, we found that there were no significant changes in SV2A and SV2B expression (Fig. S2) , but the expression of SV2C protein and mRNA became progressively lower after 48 h and 72 h in the N2a cells transfected with pEGFP-Htt-120Q than in the control cells (Fig. 5B, C) . These results support our in vivo findings in HD mice, further indicating that mutant Htt suppresses the protein expression of SV2C by inhibiting its transcription.
Discussion
HD is a neurological disorder caused by the abnormal expansion of a CAG repeat coding for polyglutamine in the Huntingtin protein. Longer CAG expansion is associated with an earlier onset of symptoms and faster disease progress [63] . Cognitive decline is the prevalent clinical manifestation, even in the prodromal phase, and subclinical changes in cognition can occur up to 15 years prior to motor symptoms [19] . The cognitive defects and disease progression are typically associated with synaptic dysfunction [21, 64] . Although most of the symptoms have classically been thought to be caused by the neurodegeneration and progressive neuronal loss, increasing evidence indicates that synaptic dysfunction underlies the early symptoms and pathogenesis of HD [17, [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] . While most previous studies have concentrated on basal ganglia circuits, in which correlations between basal ganglia synaptic deficits and cognitive impairments have been demonstrated [74] [75] [76] [77] [78] , some studies have also investigated the role of the hippocampus in HD. The hippocampus consists of the cornu ammonis (or hippocampus proper) and the dentate gyrus, and plays important roles in many cognitive processes, such as learning, memory, and decision-making [79] . Results from rodent models and patient studies have shown that hippocampal dysfunctions are an Fig. 2 Localization of SV2C in mouse brain. Coronal sections were stained with an antibody specific for SV2C. The most prominent staining for SV2C was in the striatum, globus pallidus, substantia nigra, and hippocampus, including the stratum lucidum of CA3 and the polymorphic layer of the dentate gyrus. STR, striatum; GP, globus pallidus; SN, substantia nigra; Hipp, hippocampus; RSG, retrosplenial granular cortex; DpMe, deep mesencephalic nucleus; RN, red nucleus; SC, superior colliculus; AMY, amygdala; Hypo, hypothalamus; VTA, ventral tegmental area; scale bar, 1 mm.
early feature of HD and can lead to cognitive deficits even in the early stages of the disease [25] [26] [27] [80] [81] [82] [83] .
A key factor affecting synaptic function is the presynaptic release of neurotransmitters by Ca 2? -triggered Fig. 3 Immunohistochemical staining for and immunostaining density analysis of SV2C protein in the basal ganglia and hippocampus, and western blot analysis of the SV2C protein in the striatum in TG and WT mice. The expression of SV2C protein became significantly and progressively lower in the globus pallidus (A), substantia nigra (B), and hippocampus (C) of TG mice than in WT controls. The results of western blot analysis of the SV2C protein expression in the striatum (D) were consistent with those of the immunohistochemical study. *P\0.05, **P\0.01, n = 5/group. STR, striatum; GP, globus pallidus; SN, substantia nigra; Hipp, hippocampus; DG, dentate gyrus. Scale bars, 100 lm.
synaptic vesicle exocytosis. At least five different types of synaptic vesicle proteins are involved in regulating the exocytotic process, one of which is SV2 [31, 32] . SV2 is a component of all vertebrate synaptic vesicles and plays a critical role in the proper functions of the nervous system by regulating synaptic vesicle trafficking and the Ca 2?
concentration-dependent release of neurotransmitters [31, 84, 85] . Thus, we hypothesized that SV2 plays a role in HD-associated synaptic and cognitive dysfunction. N171-82Q TG mice have been extensively studied and used to explore the pathogenesis of HD [33, 56, 86, 87] . In this study, we used N171-82Q TG mice and their WT littermates (control mice) to confirm previous reports that have shown that three identified SV2 isoforms (SV2A, B, and C) have different patterns of expression in the brain. While SV2A and SV2B have widespread distribution patterns, SV2C exhibits a more restricted pattern of expression in the brain [51, 52, 88, 89] . It is worth noting that in this study, the most prominent SV2C immunoreactivity was in the basal ganglia and hippocampus, both of which are known to be vulnerable in early-stage HD. Furthermore, the results of western blot analysis of whole brain lysates showed that while there was no significant difference in the protein levels of SV2A and SV2B, the SV2C protein was present at markedly lower levels in the N171-82Q TG mice than in the controls. Similar results were also obtained in an HD cell model. Thus, we chose to focus on SV2C in this study.
While Htt is widely distributed in the neurons of the brain, its mutations affect specific areas, and SV2C immunoreactivity was highly correlated with these areas. A reasonable explanation of this finding is that SV2C may be involved in the pathogenesis of HD. Because mutant Htt-induced synaptic dysfunctions and cognitive deficits have been attributed, in part, to the transcriptional dysregulation of presynaptic proteins involved in neurotransmitter release, such as complexin II, SNAP-25, and rabphilin 3a [29, 64, [90] [91] [92] , we assessed the expression of SV2C in the basal ganglia and hippocampus of an HD mouse model. We found that SV2C expression became progressively lower in the basal ganglia and hippocampus of HD TG mice than in WT controls.
To better understand the effect of mutant Htt on SV2C expression, we established an in vitro model using N2a cells, which have previously been used to model pathological features of HD [61, 62] . N2a cells possess some neuron-like characteristics [93] and endogenously express SV2C. They were therefore a good model system for this study. In agreement with our findings in an in vivo HD mouse model, we found that mutant Htt induced a significant decrease in the expression of SV2C at both the mRNA and protein level in the cell model. Our results support the hypothesis that transcriptional dysregulation is involved in HD pathogenesis [94] [95] [96] . Abnormal transcriptional alterations are known to be an early event in HD patients as well as HD cells and animal models [94] . Moreover, it has been suggested that mutant Htt impairs gene transcription by interacting with transcriptional regulatory proteins or other proteins that affect gene transcription or by inducing epigenetic changes in DNA [94, 97, 98] . Htt can interact with many transcription factors, including repressor element-1 silencing transcription factor (REST). REST is a transcriptional repressor that is sequestered in the cytoplasm when it forms a complex containing Htt [99] . Mutations in Htt disrupt this complex, leading to an increase in the translocation of REST into the nucleus and subsequent repression of the expression of its target genes [100, 101] , which include SV2C (our unpublished data).
Although the exact physiological functions of SV2C remain unclear, emerging data indicate that SV2C plays an important role in the regulation of vesicle shape, trafficking, and exocytosis as well as dopamine activity [102] [103] [104] , and its absence can lead to changes in basal Fig. 4 RT-PCR analysis of SV2C mRNA levels in the basal ganglia and hippocampus of TG and WT mice. The expression levels of SV2C mRNA in the striatum (A) and hippocampus (B) became significantly and progressively lower in TG mice than in WT control mice (*P \ 0.05, **P \ 0.01, n = 5/group). ganglia-mediated behaviors or associative learning [102] . In addition, alterations in SV2C expression appear to be involved in the pathogenesis of Parkinson's disease (PD), epilepsy, and hippocampal sclerosis [84, 103, 105] . Furthermore, SV2C also plays a significant role in the pharmacology and toxicology of the nervous system. SV2C gene polymorphisms have been shown to impact responses to atypical antipsychotics, modulate the protective effect of nicotine on PD risk, and predict PD patient sensitivity to L-DOPA [106] [107] [108] . Moreover, SV2C has been shown to act as a receptor for botulinum neurotoxins, which cause botulism and are used to treat some medical conditions and in cosmetic applications [109] [110] [111] .
Here, we showed that SV2C is highly expressed in the basal ganglia and hippocampus of mice. Both of these regions are particularly vulnerable in HD and are involved in the pathogenesis underlying its early symptoms, which include cognitive deficits. The restricted distribution of SV2C could contribute to the region-selective pathology of HD. In the present study, we showed that there is a specific and progressive decrease in SV2C mRNA and protein expression in both HD mice and a cell model. These data provide further evidence that transcriptional dysregulation and synaptic dysfunction may underlie the early symptoms and disease progression of HD. In addition, the results of our study support the notion that SV2C might be a useful therapeutic target for HD and a potential marker of HD progression.
